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Abstract 
Fresh concrete is a typical thixotropy material with a time-dependent rheological characteristic. In this study, a general 
Discrete Element Method (DEM) model for the fresh concrete was firstly established and calibrated by the rheological tests with 
the contact parameters verified. Then, the thixotropy of the fresh concrete was considered by introducing a time-dependent 
contact parameter into the general DEM model. Based on the thixotropy DEM model, the lateral pressure of the fresh concrete on 
the wall was numerically investigated where the changing characteristic of the pressure over time was validated and the influence 
of thixotropy on the yield stress was addressed. The simulative results were found in accordance with the experimental 
observations, by means of which the capability of the established DEM model was demonstrated. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
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1 Introduction 
With the development of the concrete machinery, it is of high demand to understand the quality of fresh concrete 
because it is related to the rheology. The thixotropy plays an important role on the rheology, if the external force on 
the fresh concrete exceeds its yield stress, the fresh concrete flows and the apparent viscosity decreases firstly and 
then increases when the force is removed. At rest, the irreversible hydration and reversible flocculation take place 
simultaneously, this results in the flow behaviour of fresh concrete weaken with time. Moreover, the flocculent 
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structure can be destroyed under the shear process. In order to improve the quality of the fresh concrete, it is 
necessary to investigate the characteristic of the fresh concrete changing over time. Numerical simulation of the 
fresh concrete behaviour could provide a powerful tool to understand the macroscopic material behaviour [1, 2]. 
 The Discrete Element Method (DEM) was proposed firstly by Cundall for the analysis of the rock-mechanics 
problems [3], and then applied to study the behaviours of various particulate materials [4-6]. Several numerical 
investigations have been carried out to simulate the flow behaviour of the fresh concrete using the DEM [1, 2, 7-11]. 
Tan et al. [1, 2] proposed a two dimensional DEM model to study the effect of the pumping velocity and the angle 
of bend on the wear process and to predict the location of the puncture point. A three dimensional DEM was used by 
Noor et al. [7] to simulate the behaviours of the self-compacting concrete under various consistency and rheological 
tests: slump flow, L-Box and V-funnel procedures. The numerical approach was also adopted to simulate the 
behaviour of the fresh concrete with varied consistencies during transportation, placement and compaction. The 
correlation between the mixing design and rheology was also investigated [8, 9]. A three dimensional and parallel 
DEM code was developed to simulate the fresh concrete rheology, it is shown that DEM can predict the flow 
behaviour of the fresh concrete and the numerical results were in accordance with the corresponding experimental 
results [10]. Shyshko and Mechtcherine [11] developed a material model for describing the rheological behaviour of 
the fresh concrete using the DEM and studied the interaction between neighbouring spherical entities representing 
aggregates with a virtual layer of fine mortar between them. These studies have shown that DEM is suitable to 
reproduce the flow behaviour of fresh concrete. But none of them have considered the effect of thixotropy and time-
dependence of the fresh concrete rheology.  
2 Discrete Element Method model 
2.1 The general DEM model 
The calculations performed in the DEM alternate between the application of Newton’s second law to the particles 
and a force-displacement law at the contacts. The force-displacement law is used to update the contact forces arising 
from the relative motion at each contact, while the Newton’s second law is used to determine the motion of each 
particle arising from the contact and body forces acting upon it. The contacts between two neighbouring particles 
occur only at a point, The relationship between the particle motion and the forces or moment causes that the motion  
is expressed as the following governing Eq.1 and Eq.2 [12]. 
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where iF  is the contact force, m  is the mass of the particle, ixcc is the translational acceleration and ig  is the 
acceleration of the gravity. The torque iM  denotes the resultant moment acting on the particle. I is the moment of 
inertia and iZc  is the angular acceleration. 
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Fig.1 The parallel contact model 
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The fresh concrete is divided into two parts: coarse aggregate and mortar. To seek a compromise between the 
simulation accuracy and the computation time, in the numerical simulation, the dimension of the coarse aggregate is 
10-40mm and the dimension of mortar is assumed to be 10-20mm. Shyshko and Mechtcherine [11] have found that 
the material model can be resolved into two parts which represent the viscous and elastic components of the contact 
force. In this study, the viscous damping model and parallel contact model are employed to represent the viscous 
and elastic action, respectively. A detailed description of the damping model can be found in Ref [12]. In the parallel 
contact model, forces and moments can be transferred from one entity to another as shown in Fig.1, the contact force 
iF and the moment iM can be resolved into its normal and shear components with respect to the contact plane 
according to Eq.3and Eq.4, respectively. 
n s
i i iF F F                                                                                                                                                                      (3) 
     n si i iM M M                                                                                                                                                                  (4) 
where niF , 
n
iM  denote the normal component and 
s
iF  , 
s
iM  denote the shear component, respectively. 
2.2 Calibration and validation  
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Fig.2 The main dimension of (a)L-Box and (b)rheometer (units are millimetre) 
The calibration of parameters for the contact models is usually performed with simple experiments that are 
performed in the lab and modelled in simulation. The material parameters in the simulation of the reference 
experiment are iteratively adjusted until the results of the real experiment and the simulation match. The material 
used in the experiment is the C30 fresh concrete which is provided by a mixing concrete company. The main 
dimension of relevant experimental apparatus is presented in Fig.2. The L-Box test is currently standardized in 
Europe as EN 12350 [13] and is used to assess the flow ability of fresh concrete, After the fresh concrete comes to 
rest in the L-box test apparatus, the heights of the concrete at the end of the horizontal section 1h , and in the vertical 
section 2h  will be measured, as shown in Fig.2.The passing ratio(PA) for the L-Box then is expressed as following 
equation. 
2
1
hPA
h
                                                                                                                                                                   (5) 
 In the simulation, the number of the coarse aggregate particle is 146 and the number of the mortar particle is 
1949. After all the particles generated, some numerical time steps are cycled to ensure the adequate contact between 
the adjoining particles. Fig.3 presents the final shape of the fresh concrete from numerical simulation and laboratory 
experiment. The value of PA is 0.21 for experiment and is 0.18 for simulation. Note that the simulative results are 
similar to the experimental results. 
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Fig.3 The final shape of flow in L-Box 
The L-Box tests are usually served as the basic experiment for the model calibration. Additionally, in order to 
improve the accuracy of the DEM model, it is essential to perform another test to validate the model. A concrete 
rheometer test is carried out as shown in Fig.4.  
 
 
Fig.4 The concrete rheometer test  
The rheometer test supplies the Bingham parameters such as the yield stress and plastic viscosity. There are 909 
coarse aggregate and 12133 mortar in the rheometer. It should be mentioned here: except the number of particles for 
coarse aggregate and mortar, other parameters of the rheometer are identical with the parameters of the L-Box. 
Through repeated tests in the laboratory, the average yield stress is 439.7Pa and the average plastic viscosity is 
4.6Pa.s. The random number is changed to perform multiple simulations, whose average yield stress is 454.3Pa and 
the average plastic viscosity is 4.9Pa.s. The two values are nearly the same in the simulation and experiment. 
Table.1 and Table.2 are the obtained parameters for the particles and the contact through the verifications, 
respectively. 
 
Table 1. The microscopic parameters of particles use for DEM model 

Name Coarse aggregate Mortar 
Parameter Normal 
stiffness 
(N/m) 
Shear 
stiffness 
(N/m) 
Frictional 
coefficient 
(dimensionless) 
Normal 
stiffness 
(N/m) 
Shear 
stiffness 
(N/m) 
Frictional 
coefficient 
(dimensionless) 
Value 10000 1000 0.15 1000 100 0.08 
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Table2. The contact parameters of particles 
 
Contact Coarse aggregate- Coarse aggregate Coarse aggregate-Mortar Mortar- Mortar 
Normal strength 
Shear stiffness 
Normal stiffness 
Shear stiffness 
Contact radius 
Local damping 
— 
— 
— 
— 
— 
0.3 
200000 
40000 
5500 
1000 
0.5 
— 
6000 
1200 
2200 
500 
0.3 
— 
 
2.3 The thixotropy DEM model 
A physical phenomenon about thixotropy behaviour was described by Coussot [14]. Due to Brownian motion and 
a possible evolution of the colloidal interactions, the degree of flocculation will increase with ‘rest’ time, this leads 
to an increase to the contact force between the particles. In the numerical simulation, the parallel contact strength 
can be defined with the normal strength n and the shear strength s . This external force and moment acting on the two 
adjoining particles can be related to the maximum normal and shear stresses acting within the bond material at the 
bond periphery. If either of these maximum stresses exceeds its corresponding contact strength, the parallel contact 
will be broken. A time factor is inserted into the general DEM model and expressed as follows:  
2 1n n at                                                                                                                                                                (6) 
2 1s s bt                                                                                                                                                                 (7) 
where 1,2 denote two different moments, and a , b are two constants, which will be varied with respect to the 
contact types: coarse aggregate-mortar and mortar-mortar. As the thixotropy is derived from mortar, the contact 
force of coarse aggregate-coarse aggregate will keep the original level. 
3 Study on the thixotropy: experimental and numerical studies 
3.1 The lateral pressure on the wall  
The measurement of the lateral pressure on trail is presented schematically in Fig.5a. The pressure sensor was 
installed in the middle of the rheometer. Before the measurement, the fresh concrete in the rheometer has been 
sheared adequately to destroy the flocculation structure. Due to flocculate at rest, fresh concrete can support a 
portion of themselves’ gravity [8], therefore, the lateral pressure decreases with ‘rest’ time from 2min to 24min, as 
shown in Fig.5b. Then a remixing is applied to concrete, the lateral pressure jumps to a high level which is a little 
less than initial level. It is shown that the thixotropy of fresh concrete is a reversible process. The difference between 
the pressure at 26min and initial pressure in the experiment may be caused by the deficient mixing or hydration. 
Such a good correspondence of numerical and experimental results shows that the thixotropy DEM model can 
predict the lateral pressure changing over time and altering under perturbation. 
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Fig.5 (a) The measurement of later pressure on trail. (b) Results of the numerical and experimental of wall pressure changing over time 
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3.2 Yield stress changing over time 
Fresh concrete, however, is not a simple fluid because it displays thixotropy and time-dependence behaviour, 
which means that the shear stress needed to initiate flow is higher when it has been at ‘rest’ time, but a lower shear 
stress is required to maintain flow once it has begun. The former is the static yield stress and the latter is dynamic 
yield stress. The blade rotates at 0.025rps, when the torque reaches the maximum value maxT , the static yield stress 
0W  can be calculated according to Eq.8 [15]. 
max
0
2
=
2 3
W S § ·¨ ¸© ¹
T
dd h
                                                                                                                                                 (8) 
where d , h  are the diameter and height of the blade, and their values are 125mm here. At rest, the evolution of the 
static yield stress 0 (t)W  then writes [16]: 
 0 0( )W W  thixt A t                                                                                                                                                   (9) 
where thixA  is the flocculation rate. The numerical and experimental as well as linear fitting of numerical static yield 
stress are presented in Fig.6a. The parametric equation of linear fitting is provided: 
 0 ( ) 842 50t tW                                                                                                                                                      (10) 
The correlation coefficient 2R is 0.827. The linear fitting result is in accordance with the analytical solution by 
Roussel [16]. The dynamic yield stress is determined by a flow curve. The speed of the blade decreases in a 
specified number of steps. During each step, the speed is held constant and the average speed and torque are 
recorded. The plot of torque versus speed of vane rotation is the flow curve. Fig.6b presents the measure results of 
dynamic yield stress changing over time. In laboratory experiment, due to de-flocculation partly by the shear motion 
of blade, the dynamic yield stress varies less pronouncedly before 6min, and then has a significant increasing. The 
simulative results are similar to the experimental results. However, no critical point is presented. In general, the 
results reveal that the established thixotropy DEM model can be used to simulate the thixotropy and time-
dependence of fresh concrete. 
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Fig.5 Measure results of (a) static yield stress and (b) dynamic yield stress 
4 Summary 
The fresh concrete was considered to be a two-phase system: coarse aggregate and mortar, which were 
represented by two kinds of particles possessing different characteristics. The contact force between particle-particle 
and particle-wall was resolved into two parts: viscous and elastic components. The former was expressed with the 
viscous damping model and the latter was represented by the parallel contact model in PFC3D [12]. Then the 
rheological tests were carried out to calibrate the general DEM model with the contact parameters verified. 
Furthermore, a time factor was inserted into the general DEM model to establish the thxiotropy DEM model for 
the fresh concrete, by which the lateral pressure on the wall changing over time was investigated. The numerical 
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results show that the pressure increases with the ‘rest’ time and decreases with remixing which was nearly the same 
with the laboratory experiments. The effect of the thxiotropy on yield stress was addressed. It was shown that the 
simulative tests provide qualitatively and quantitatively sound results, displaying correctly the significant 
phenomena as observed in laboratory experiments. 
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